The Drosophila gene tinman is essential for dorsal vessel (heart) formation and is structurally and functionally conserved in vertebrates. In the mature embryonic dorsal vessel, tinman is expressed in four of the six pairs of cardioblasts in each segment. We provide evidence that seven-up, which is homologous to the vertebrate COUP-TF transcription factor and is expressed in the non-Tinman-expressing cardioblasts, represses tinman in these cells. Loss of function seven-up mutations derepress tinman expression in these cardioblasts while ectopic expression of seven-up represses tinman in the cardioblasts that normally express it. These changes are correlated with alterations in the expression of additional molecular markers for each of these two types of cardioblasts, such as the novel T-box-containing gene Tb66F2 and the potassium channel-encoding gene sur. These observations suggest that seven-up has a role in diversifying cardioblast identities within each segment. We also describe the tinman cis sequences that mediate tinman repression by seven-up and examine whether Seven-up can bind these sequences to directly inhibit tinman. q
Introduction
Elucidation of the molecular mechanisms governing the speci®cation and differentiation of the Drosophila heart (dorsal vessel) has afforded valuable insights into similar regulatory events controlling vertebrate heart development (for reviews see Bodmer and Frasch, 1999; Evans, 1999; Frasch, 1999; Chen and Fishman, 2000) . In particular, the discovery of the crucial role of the Drosophila tinman (tin) gene in the speci®cation of the dorsal vessel and the subsequent isolation and characterization of the highly conserved vertebrate tinman homolog Nkx 2.5 and additional family members, which are also expressed and required in the heart, has highlighted the conservation of the basic mechanisms underlying embryonic heart development between these evolutionarily divergent organisms.
The Drosophila dorsal vessel consists of a dorsally situated linear tube extending longitudinally from segments T2 to A7 and is comprised of two major mesodermally-derived cell types: cardioblasts, the contractile myoendothelial cells which pump the hemolymph and are arranged in a double inner row surrounding the lumen, and the pericardial cells, which are numerous loosely arranged non-myogenic cells that¯ank the cardioblasts and which may be involved in ultra®ltration of the hemolymph (Rugendorff et al., 1994; Zaffran et al., 1995) . The vessel is af®xed to the underside of the dorsal body wall by seven segmentally repeated pairs of somatic alary muscles, each of which attaches at one end to the cardioblast tube and at the other end to the intersegmental apodeme. At the anterior end, the tip of the dorsal vessel is surrounded by the ring gland, an endocrine organ of complex origin, and immediately posterior to that the dorsal vessel is¯anked by the lymph glands, bilaterally symmetric clusters of a subtype of pericardial cells. The cardioblasts and pericardial cells develop from heart progenitor cells that are found in the cardiogenic region, the dorsal-most strip of cells with segmental origins in the lateral trunk mesoderm on both sides of the embryo at late stage 11. These cells eventually resolve into bilateral rows of cardioblasts that arē anked by pericardial cells during dorsal extension of the germ band. By dorsal closure, the two bilaterally symmetric rows of cardioblasts meet at the dorsal midline to form the lumen of the dorsal vessel and are surrounded by irregularly arranged pericardial cells.
Although the Drosophila dorsal vessel is a simple linear tube and seems to be morphologically unlike the much more complex, multichambered vertebrate heart, it is quite similar to the primitive vertebrate heart, a simple linear tube that also arises by the fusion of two bilaterally symmetric rows of mesodermal cells during embryogenesis. More importantly, this embryological similarity is also re¯ected in the conservation of both the structure and function of several genes controlling early heart formation in Drosophila and vertebrates. Of these cardiogenic genes, the tinman gene was ®rst to be identi®ed as playing a crucial role in the early determination of the Drosophila heart (Azpiazu and Frasch, 1993; Bodmer, 1993) . This homeodomain gene has three major phases of expression in the mesoderm: ®rst, in the entire trunk mesoderm during gastrulation, then in the dorsal mesoderm that gives rise to the dorsal vessel, visceral mesoderm, and dorsal somatic muscles, and ®nally only in the dorsal vessel at late stages. In tinman null mutant embryos, the dorsal vessel is not formed, and neither is the visceral musculature nor the dorsal body wall muscles. This global function of tinman in the speci®cation of dorsal mesodermal derivatives appears to depend on its early phases of expression in the entire trunk mesoderm and subsequently in the dorsal portions thereof.
In contrast to its early phases, the expression of tinman in the dorsal vessel during late embryogenesis is more selective since it is restricted to only four of the six pairs of both the cardioblasts and pericardial cells per segment. This expression pattern was the ®rst indication of possible intrasegmental differences in cardioblast identity and a potential role of tinman in the functional diversi®cation of cardiogenic cells. Expression of the homeodomain-containing gene ladybird (lb) in the dorsal vessel was later shown to be also intrasegmentally-restricted, in this case to the anterior two pairs of tinman-expressing cardioblasts and pericardial cells (Jagla et al., 1997 ). It appears therefore that there are at least three types of cardioblasts per segment that can be distinguished based on the expression of these two molecular markers: those expressing both tin and lb, those expressing only tin, and those expressing neither of these two genes. How these different types of cardioblasts may be functionally distinct from each other is not yet known.
In order to better understand how these putatively different cardioblast types develop during Drosophila heart formation, we have focused on examining how tinman expression becomes restricted to those four out of six cardioblast pairs per segment. Previous work on the control of the evolving pattern of tinman expression has identi®ed upstream genes and tinman cis sequences that are responsible for its regulation. Among the known direct regulators are the twist bHLH protein gene, which is required for tin expression in the entire mesoderm during gastrulation, and the Drosophila Smad genes Mad and Medea (Xu et al., 1998) , which transduce the dpp signal from the dorsal ectoderm that causes the restriction of tinman expression to the underlying dorsal mesoderm (Frasch, 1995) . To date, no genes have been identi®ed that directly control the third expression phase of tinman in the dorsal vessel. Analysis of the tinman locus revealed that there are separate enhancer elements controlling each of the three major expression phases (Yin et al., 1997) . The B element controls the initial pan-mesodermal tin expression and was shown to contain binding sites for Twist which are required for that expression. The dorsal mesodermal expression of tinman is controlled by the D element, which was demonstrated to contain binding sites for Mad, Medea, and Tinman itself that are necessary for its function (Xu et al., 1998) . The C element is responsible for the expression of tinman in the four out of six pairs of cardioblasts in each segment of the dorsal vessel, but it was unknown what speci®c parts of this sequence were necessary for this restricted cardioblast expression in the dorsal vessel.
In this paper, we demonstrate that the seven-up (svp) gene, the Drosophila homolog of the vertebrate COUP-TF nuclear receptor/ transcription factor which is expressed in the non-Tinman-expressing cardioblasts, is a key regulator that represses tinman expression in those cardioblasts. Loss of function and ectopic expression of seven-up in the dorsal vessel causes the altered expression of tinman and additional molecular markers that distinguish the tin-expressing cardioblasts from the svp-expressing ones, indicating this gene is crucial for repressing the cardioblast cell fate associated with tinman expression while allowing the adoption of the svp-expressing cardioblast fate. We also examine which portions of the tinC enhancer element are necessary for the repression of tinman expression in those nonTinman-positive cardioblasts and whether the Seven-up protein may bind these tinC sequences in order to directly repress tinman transcription.
Results

Expression pattern of the seven-up-lacZ reporter gene in the dorsal vessel and its progenitors during embryonic development
The expression of seven-up in the dorsal vessel of late embryos had been previously reported with a P-lacZ enhancer trap insertion under the transcriptional control of the seven-up gene (svp-lacZ). In late embryonic dorsal vessels, b-Gal expression from svp-lacZ is seen in two adjacent pairs of the six bilaterally symmetrical pairs of cardioblasts per segment. At these stages, Tinman is present in only four of the six contiguous pairs of cardioblasts per segment, and double-staining for b-Gal and Tinman demonstrated that the svp-lacZ-expressing cardioblasts correspond to the two pairs of non-tinman-expressing cardioblasts (Bodmer and Frasch, 1999) . In order to extend this observation and better characterize seven-up expression in the entire dorsal vessel and its relationship to tinman expression, the pattern of bGal and Tinman staining during the development of this organ was examined in embryos from the svp-lacZ line AE127. Tinman protein expression during early dorsal vessel development (stage 11) includes all the heart progenitors, whereas in later stages it becomes restricted to the four pairs of cardioblasts per segment and to a subset of pericardical cells referred to as the tin pericardial cells (Azpiazu and Frasch, 1993; Bodmer, 1993) .
In AE127 embryos, the earliest detected expression of bGal in the Tinman-expressing heart progenitors is at midstage 11 in a small subset of these cells, when it appears that seven-up is simultaneously expressed in at least two heart progenitor cells in each hemisegment. These cells are irregularly arranged and are ®rst seen in the posterior half of the embryo (Fig. 1A) . By early stage 12, a cluster of four strongly b-Gal-expressing heart progenitors per hemisegment is seen in seven posterior segments of the embryo, with an additional pair of these cells situated caudally to these (Fig. 1B and data not shown) . This pattern is maintained from stage 13 (Fig. 1C) until stage 15, when strong bGal expression is observed in two adjacent pairs of cardioblasts in seven segments, plus another single pair located immediately posterior to last double pair of cardioblasts (Fig. 1D, top panel) . The b-Gal and Tinman double-staining of these late stage dorsal vessels clearly shows that the two pairs of seven-up-expressing cardioblasts correspond to the two pairs of cardioblasts per segment that are not expressing Tinman (Fig. 1D , bottom panel), such that the two patterns of expression are complementary. We will refer to the late stage cardioblasts that exclusively express either tinman or svp-lacZ as the tin and svp cardioblasts, respectively. In addition to the svp cardioblasts, there is also strong expression of svp-lacZ at the anterior end of the dorsal vessel in two bilaterally symmetrical masses of cells that will later fuse at the dorsal midline to form the corpus allatum of the ring gland, an endocrine organ of complex origin ( Fig. 1D ; also see below).
Located laterally to each pair of svp cardioblasts per hemisegment is a pair of cells with much weaker expression of svplacZ (Fig. 1D, top panel, arrowhead) , which do not express Tinman (Fig. 1D, bottom panel) . Based on their lateral position relative to the cardioblasts and since they appear to arise from dividing svp-lacZ heart progenitors (data not shown), these cells are considered to be pericardial cells. Since they do not express tinman, these are not tin pericardial cells and thus constitute a novel subtype of pericardial cells. We note that prior to stage 13, all svp-expressing heart progenitors are positive for Tinman protein (Fig. 1A,B) . previously identi®ed two different transcripts, svp1 and svp2, that are derived from this gene (Mlodzik et al., 1990) . The svp1 cDNA encodes a 543 amino acid protein which is the Drosophila homolog of the vertebrate COUP-TF subfamily of steroid/nuclear hormone receptors and contains a characteristic N-terminal DNA-binding domain and C-terminal ligand-binding domain. The svp2 cDNA encodes a related 746 amino acid protein that is identical in sequence to the svp1-encoded protein until it completely diverges in the middle of the ligand-binding domain. Since the pattern of b-Gal expression in the AE127 svp-lacZ line does not differentiate between these two transcripts and may not re¯ect endogenous mRNA patterns in the heart and its progenitors, in situ hybridizations were performed using probes speci®c for the unique 3 H UTR of each cDNA. The svp1 in situ hybridization pattern in the dorsal vessel during its development appears to be identical to the b-Gal expression observed in AE127 embryos. svp1 message is ®rst detected cytoplasmically in a portion of the heart progenitors in stage 11 embryos ( Fig. 1E ; cf. Fig. 1A ), and in later stages the pattern of expression in the nonTinman-expressing cardioblasts and the corpus allatum is the same as observed with svp-lacZ ( Fig. 1F ; cf. Fig. 1D ). However, while the pattern of dorsal vessel cells expressing svp2 during embryogenesis appears to be identical to svp1, the staining is not cytoplasmic but is instead concentrated in one or occasionally two speckles per nucleus of those cells. In a stage 11 embryo, the svp2 transcript is clearly seen as speckles in the nuclei of a subset of heart progenitors ( Fig.  1G ). This speckled intranuclear localization is also seen in several other tissues expressing the svp2 transcript, e.g. the dorsal somatic muscles, but not in other tissues such as the CNS, where it is cytoplasmic (Fig. 1G , top panel inset), indicating that the intracellular localization of the svp2 transcript is tissue-speci®c. In the dorsal vessel of stage 15 or older embryos, a pair of adjacent speckles is observed in between the four tin cardioblasts of each hemisegment, with each speckle associated with one svp cardioblast (Fig. 1H ). In addition, there is svp2 expression in the corpus allatum which is seen as two larger clusters of speckles at the anterior end of the dorsal vessel.
While the pattern of expression of both svp1 and svp2 in the svp cardioblasts and ring gland is the same as that seen with svp-lacZ, expression of neither transcript was observed in the pericardial cells that were seen to weakly stain for bGal in AE127 embryos. Thus we propose that the pericardial cells do not actively express svp and the weak b-Gal staining seen in the AE127 pericardial cells may be due to the perdurance of b-Gal originally expressed in the heart progenitor cells from which the pericardial cells are derived.
Tinman expression is derepressed in the svp cardioblasts of svp 1 null mutant embryos
Since seven-up is expressed in the two pairs of nonTinman-expressing cardioblasts per segment in the mature dorsal vessel and is known to repress the R7 photoreceptor cell fate in non-R7 photoreceptors during Drosophila ommatidial development, we examined whether seven-up functions to repress tinman expression in svp cardioblasts. Staining for Tinman in the dorsal vessel of late stage embryos homozygous for the svp 1 null mutation reveals that it is derepressed in the svp cardioblasts, which normally do not express Tinman. In these embryos, Tinman is expressed continuously in the inner double row of cardioblasts in mature dorsal vessels (Fig. 2D) , whereas in wildtype embryos this expression in the cardioblasts is segmentally interrupted by the two apposed pairs of nonTinman-expressing svp cardioblasts ( Fig. 2A) .
This possible cell fate transformation of the svp cardioblasts into tin cardioblasts was also monitored by in situ hybridizations for two marker genes, each speci®c for one of these two different subpopulations of cardioblasts. The ®rst encodes the Drosophila homolog of the vertebrate sulfonylurea receptor subunit of the ATP-sensitive potassium ion channel, sur, which had previously been shown to be expressed in the dorsal vessel (Nasonkin et al., 1999) . Dorsal vessel expression of sur is restricted to the cardioblasts and is segmentally interrupted by pairs of cells which appear to very weakly or not express the gene (Fig.  2B, top panel) . By double staining for Tinman and sur mRNA, it is clear that the cardioblasts strongly expressing the sur gene are the tin cardioblasts (Fig. 2B, bottom panel) . In svp 1 null mutant embryos, strong sur expression is now continuous in the cardioblasts (Fig. 2E , top panel) and is correlated with the derepression of tinman expression in the svp cardioblasts, which would be consistent with the latter being transformed into tin cardioblasts. The other marker utilized is the Tb66F2 gene, a novel Drosophila member of the T-box family of transcription factors (H.-H. Lee and M.F., unpublished results) . In situ hybridizations reveal that Tb66F2 is normally expressed in the mature dorsal vessel in small segmentally repeated clusters of cardioblasts (Fig. 2C, top panel) . Double staining for Tinman demonstrates that these clusters of cells are exactly the nonTinman-expressing svp cardioblasts (Fig. 2C , bottom panel), indicating that Tb66F2 expression is a second molecular marker for this subpopulation of cardioblasts. In svp 1 null mutant embryos, the transformation of the svp cardioblasts into tin cardioblasts results in the total loss of Tb66F2 expression in the dorsal vessel of these embryos (Fig. 2F) .
One possible function of the svp cardioblast pairs that would distinguish them from tin cardioblasts is to attach to the alary muscles, which are the segmentally repeated muscles that af®x the dorsal vessel to the larval body wall. These pairs of cardioblasts are the ®rst ones contacted by the alary muscles during dorsal development (Rugendorff et al., 1994) and the attachment of the alary muscles to the svp cardioblasts can be visualized by anti-laminin staining (Fig.  3A) . Since it appears that these cardioblasts are transformed into tin cardioblasts in svp 1 mutant embryos, we examined if there were alterations in the attachment of the alary muscles to the cardioblasts. However, in embryos homozygous for the recessively lethal AE127 P-lacZ insertion into seven-up, which also causes tinman derepression in the svp cardioblasts, there are no gross defects observed in alary muscle attachment to the cardioblasts (Fig. 3B) .
As noted above, seven-up expression is detected in an organ at the anterior end of the dorsal vessel that was identi®ed as the corpus allatum of the ring gland (Rugendorff et al., 1994) . Since the lymph glands are also located in this region of the dorsal vessel just caudal to the ring gland, we veri®ed expression of seven-up in the latter by comparing svp-lacZ staining with the staining of odd-skipped protein, which is found in the lymph glands and certain pericardial cells (Ward and Coulter, 2000) . The svp-lacZ staining in the anterior organ is immediately rostral to Odd staining in the pair of lymph glands, con®rming that seven-up is expressed in the ring gland and not the lymph glands (Fig. 3C) . While derepression of tinman expression is observed in the svp cardioblasts of svp mutant embryos, there is no concomitant derepression of tinman nor of sur expression in the ring glands of these mutants (Figs. 2 and 3D ). The pattern of svp-lacZ expression is normal in svp mutant embryos (Fig.  3D) , indicating that the regulatory mechanisms maintaining seven-up expression in the svp cardioblasts and the corpus allatum do not require seven-up activity.
Ectopic expression of seven-up in the entire dorsal vessel represses tinman expression in tin cardioblasts
Since loss of seven-up function results in the derepression of tin expression and the apparent transformation of svp cardioblasts into tin cardioblasts, we examined whether ectopic expression of seven-up in the tin cardioblasts would affect their tin expression and cell fate. The ectopic expression of seven-up was analyzed ®rst in embryos derived by crossing the SG30 GAL4 driver line, which strongly expresses GAL4 in all muscle tissue derivatives throughout embryogenesis, with either a UAS-svp1 or UAS-svp2 line (Kerber et al., 1998) . With the UAS-svp1 line, ectopic expression throughout the dorsal vessel almost completely eliminates the expression of tinman in the cardioblasts, which could still be identi®ed by MEF2 expression, as well as in most of the pericardial cells (Fig. 2G) . The expression of sur is also severely reduced in the cardioblasts (Fig. 2H ) of these embryos. Conversely, ectopic expression of the svp1 transcript in the dorsal vessel causes a signi®cant increase in the number of Tb66F2-positive cardioblasts (Fig. 2I) .
In contrast to the strong phenotype associated with the ectopic expression of the svp1 transcript, no effect was observed with the SG30-driven expression of the single UAS-svp2 line which was available (data not shown). While this appears to indicate a functional difference between the proteins encoded by the two transcripts, it should be noted that control crosses of these UAS lines with a sevenless-GAL4 driver only produced the expected rough-eye phenotype with the UAS-svp1 line. Because a sevenless enhancer-controlled svp2 construct was reported to produce a rough-eye phenotype (Hiromi et al., 1993; Begemann et al., 1995) , this result indicates that the UASsvp2 line may be defective. Alternatively, the nuclear retention of the svp2 mRNA in the mesoderm, as described above, may keep it inactive.
Given that the strong and general muscle expression driven by the SG30 line may cause indirect effects, we sought to determine if a more speci®cally targeted ectopic expression of svp1 in the dorsal vessel would still produce a phenotype. Using a deletion derivative of the tinman cardiac enhancer element that drives expression of a lacZ reporter gene exclusively in all the cardioblasts of the dorsal vessel (tinCD4; see below), the equivalent GAL4 driver was constructed (see Fig. 4 for expression pattern) and crossed with the UAS-svp1 line. As predicted, a number of tin cardioblasts lose their tinman expression in these embryos, while no discernible effect is seen in the tin pericardial cells (Fig.  2J) . sur expression is also reduced, and stretches of cardioblasts lacking sur mRNA correlate exactly with a loss of tinman expression in the same cells (Fig. 2K) . Conversely, a variable expansion of Tb66F2 expression in cardioblasts complements the pattern of lost tinman expression in the tin cardioblasts (Fig. 2L) . Therefore, ectopic expression of svp1 only in the cardioblasts results in a similar, albeit milder and cardioblast-speci®c, phenotype as compared to embryos with SG30-driven UAS-svp1.
Several sequences within the tinman cardiac-speci®c enhancer are necessary for repressing tinman expression in the svp cardioblasts
Previous work has identi®ed the various enhancer elements that govern the different phases of tinman expression during embryogenesis (Yin et al., 1997; Yin and Frasch, 1998; Venkatesh et al., 2000) . Of these enhancers, the tinC element located downstream of the gene is responsible for restricting the expression of tinman to four of the six bilaterally symmetric pairs of cardioblasts per segment in the dorsal vessel, as seen with the pattern of lacZ reporter gene expression driven by this 303 bp enhancer element (Fig. 4) . A series of seven deletions which together span the entire tinC element was generated and the derivatives were used to drive lacZ reporter gene expression. Of these deletions, the four covering the 3 H half of the tinC element (tinCD4 to tinCD7; see Fig. 4 , left) result in varying degrees of b-Gal derepression in the two pairs of svp cardioblasts (Fig. 4) . The tinCD4 and tinCD6 deletions, respectively, show an irregular pattern of medium or weak b-Gal derepression in svp cardioblasts relative to the b-Gal expression in the tin cardioblasts, while the tinCD7 deletion shows a strong derepression that results in continuous b-Gal expression in all the cardioblasts. TinCD5 also shows strong b-Gal derepression in the svp cardioblasts along the entire dorsal vessel. However, in addition, b-Gal expression is completely lost in the tin cardioblasts in the posterior part of the dorsal vessel (the heart proper) such that b-Gal expression is only continuous in the cardioblasts of the thinner anterior portion of the dorsal vessel (referred to as the aorta) whereas in the posterior it is present only ectopically in three segmentally repeated double pairs of cells. With all four deletion constructs, b-Gal derepression is also observed in the lymph glands to varying degrees.
Svp1 and Svp2 full-length proteins do not bind the 3
H half of the tinman cardiac-speci®c enhancer
Since seven-up is necessary to repress tinman expression in the svp cardioblasts and the 3 H half of the tinC enhancer element appears to mediate this repression, it is possible that seven-up represses tinman through the direct binding of either the Svp1 or Svp2 protein to sequences within the 3 H half of tinC. This possible molecular interaction was assayed by gel shift analysis. Full length protein produced by in vitro transcription and translation of the svp1 or svp2 cDNAs was ®rst tested for its ability to bind a positive control oligonucleotide. This 26 bp sequence (HRE/DR1) contains a direct repeat separated by one bp of the canonical AGGTCA half-site which is typically found as direct or inverted repeats in various hormone response elements that bind members of the nuclear/steroid receptor family. This particular sequence has already been demonstrated to strongly bind both Svp1 and Svp2 in vitro (Zelhof et al., 1995) . In the 3 H half of tinC, the best matches to the AGGTCA half-site consensus are eight sequences with 4/ 6 matches, but it is uncertain whether any of these would be able to bind Seven-up.
Under our binding conditions, a strong gel-shift with the positive control HRE/DR1 oligonucleotide is observed with both Svp1 and Svp2 (Fig. 5A, lanes 4 and 7, respectively) . This binding is speci®c since the luciferase control does not gel-shift the probe (Fig. 5A, lane 2) and the gel-shifted bands can be competed away by the addition of an increasing excess of cold HRE/DR1 (Fig. 5A, lanes 5±6 and 8±9) . Using the 3 H half of the tinC enhancer as a probe, no speci®c gel-shifted band is observed with increasing amounts of either protein (Fig. 5B, lanes 4±6 and 9±11) when compared to the luciferase control (Fig. 5B, lane 2) . Thus, it seems that neither the Svp1 nor Svp2 protein is capable of directly and speci®cally binding to the 3 H half of the tinC element that confers segmental repression of tinman.
Discussion
While the initially characterized function of seven-up was its post-embryonic regulation of retinal photoreceptor development, it was clear that there were one or more essential functions for this gene during embryogenesis since svp null alleles are embryonic lethals. These have since been discovered for the embryonic development of the fat body (Hoshizaki et al., 1995) and the Malpighian tubules (Kerber et al., 1998) . Fat body cells were shown to express seven-up in the embryo and loss of seven-up function resulted in the abrogation of Adh expression and down-regulation of Dcg1 H half of tinC. Increasing volumes (0.5, 1, or 2 ml) of Svp1 (lanes 4±6) or Svp2 (lanes 9±11) were added to 32 P-labelled tinC 3 H half. A 10-or 100-fold excess of cold HRE/DR1 was added to the binding reactions with 2 ml of Svp1 (lanes 7±8) or Svp2 (lanes 12±13). For the luciferase negative control, only 2 ml of protein with or without a 100-fold excess of HRE/DR1 (lanes 2±3) was assayed. The samples were electrophoresed in a 4% non-denaturing acrylamide gel. Labeled probe without added protein is shown in lane 1.
(type IV collagen chain) expression in the fat body, two terminal differentiation markers for these cells. In developing Malpighian tubules, svp expression is detected in the six to eight cells that receive a mitogenic signal from the adjacent tip cell at the end of the everting tubules that grow by cell proliferation during embryogenesis. In svp null mutants, there is a reduction of tubule cell number that seems to be due to the disruption of proper cell divisions in the cells receiving the tip cell mitogenic signal, suggesting that seven-up is involved in mediating the response of those cells to the mitogenic signal. We and others (Gajewski et al., 2000) have now described another important role for this gene, in the regulation of cell fate choice during the embryonic development of dorsal vessel cardioblasts.
During eye development, expression of svp-lacZ was observed in only a subset of the photoreceptors, namely R1, R3, R4, and R6. Analysis of somatic clones homozygous for the svp 1 null mutation in the eye con®rmed that seven-up is required cell-autonomously in the four photoreceptors that express it. The mutant R1, R3, R4, and R6 photoreceptors in these clones appear to be transformed into R7 photoreceptors, indicating that the function of seven-up in those photoreceptors is to repress the R7 cell fate and permit the adoption of their proper cell fate (Mlodzik et al., 1990) .
Our studies have identi®ed a novel function of seven-up in determining one of two major cell fates in the cardioblasts, as de®ned by expression of Tb66F2 versus tinman, through repression of the alternative fate. As in the developing retina, seven-up is expressed in a subset of cells in the dorsal vessel, which are speci®cally the double pairs of non-Tinmanexpressing cardioblasts in each segment of the dorsal vessel. The possibility that these two cardioblast types are functionally different in the mature embryonic heart is suggested ®rst by the exclusive expression in the tin cardioblasts of the sur gene (Nasonkin et al., 1999) , which codes for the Drosophila homolog of the sulfonylurea receptor subunit of the vertebrate ATP-sensitive potassium ion channel. While the vertebrate sulfonylurea receptor has no intrinsic potassium ion channel activity (Aguilar-Bryan et al., 1998) , the Drosophila sur gene has additional sequences not present in the vertebrate SUR genes which endow it with this activity (Nasonkin et al., 1999) . The presence of the sur gene product in tin cardioblasts could conceivably result in a difference in the electrophysiological properties of these cardioblasts relative to the svp cardioblasts, perhaps in the generation, propagation, and/or control of heartbeat in the dorsal vessel, since it is known that potassium ions are required for proper heartbeat function in Drosophila (Gu and Singh, 1995; Johnson et al., 1998) .
Two other differences of the svp cardioblasts from the tin cardioblasts were previously noted in a study of the embryonic dorsal vessel (Rugendorff et al., 1994) , which had utilized as a marker the P-lacZ insertion line E2-3-9 that has recently been identi®ed as a svp-lacZ line (Gajewski et al., 2000) . The ®rst difference is that the svp cardioblasts are the cardioblasts initially contacted by the alary muscle cells, which is consistent with the alignment of these cells with the alary muscles in mature embryonic dorsal vessels as seen in our study. However, this morphological feature was not visibly disrupted in svp mutant embryos. The second difference is that in larval stages, these cardioblasts still maintain their compact and rounded shape while the other cardioblasts become larger and¯attened. It has been speculated that these svp cardioblasts may be involved in the formation of the ostia (Rugendorff et al., 1994) , segmentally repeated openings present in the larval and adult heart that have a valve-like function in allowing the in¯ow of hemolymph into the heart during diastole. These differences between the tin and svp cardioblasts suggests that the proper speci®cation of these two different cardioblast cell fates during embryogenesis may be crucial for correct dorsal vessel function.
An important gene required for proper cardioblast differentiation is mef2, the Drosophila homolog of the vertebrate MADS-box gene MEF2, which is expressed in all cardioblasts (Bour et al., 1995; Lilly et al., 1995) . Because expression of mef2 in all cardioblasts was shown to depend on tin, it may seem paradoxical that removal of tin from cardioblasts upon ectopic expression of svp does not cause any loss of mef2 expression in these cells (Fig. 2G,H) . However, these results can be reconciled in light of the analysis of sequences controlling mef2 expression in the dorsal vessel, which showed that mef2 is differentially regulated in cardioblasts. In particular, one enhancer element has been de®ned that directs expression of mef2 speci®cally in the four pairs of Tinman-expressing cardioblasts in each segment (Gajewski et al., 1997) , while another drives mef2 expression only in the svp cardioblasts (Gajewski et al., 2000) . Consequently, mef2 expression in the presence of ectopic svp in the entire dorsal vessel probably re¯ects the situation which normally occurs in the two pairs of svp cardioblasts per segment, i.e. it depends on svp (or a svp downstream gene) but not on tin. The observed complete absence of cardioblast-speci®c mef2 expression in tin mutants is presumably due to an earlier activity of tin, when it is required to promote the formation of all cardioblasts as well as for svp and late tin expression in subsets of these cells.
Recent studies on the svp cardioblasts have determined that they are derived by asymmetric cell divisions of two heart progenitor cells, each of which gives rise to a svp cardioblast and a sibling pericardial cell which expresses svp-lacZ and odd-skipped (Gajewski et al., 2000; Ward and Skeath, 2000) . Mutations in genes which control asymmetric cell divisions such as numb and sanpodo affect the number of svp cardioblasts and Odd pericardial cells. Based on our observations, it appears that after the svp-expressing heart progenitor divides asymmetrically, the svp cardioblast daughter cell continues to express seven-up while its pericardial sibling down-regulates it and initiates odd-skipped expression.
Seven-up is a member of the steroid/nuclear receptor superfamily of proteins and is most related to the vertebrate COUP-TF family of orphan nuclear receptors (Mlodzik et al., 1990) . The members of this family are most homologous in the DNA-and ligand-binding domains characteristic of all steroid/nuclear receptors. In the case of Seven-up (derived from the svp1 transcript), it is roughly 95 and 90% homologous to the DNA-and ligand-binding domains, respectively, of the prototypical human COUP-TFI/Ear3 protein . The COUP-TFs have been shown to regulate the transcription of wide range of genes, and generally act as transcriptional repressors (for reviews see Tsai and Tsai, 1997; Pereira et al., 2000) . This repression occurs by several mechanisms, including competition for binding to hormone response elements as homodimers or heterodimers with other nuclear receptors, by sequestering the retinoid X receptor (RXR) which is the universal heterodimeric binding partner for several other nuclear receptors, and by recruiting corepressors such as SMRT or N-CoR to actively silence transcription.
Since the 3 H half of the tinC cardiac enhancer mediates the repression of tinman expression, we examined whether Seven-up was acting as a transcriptional repressor of tinman expression through binding of this sequence. Gel shift analysis with in vitro transcribed and translated seven-up protein and footprint analysis with bacterially-expressed seven-up DNA-binding domain (data not shown) both failed to indicate any direct binding of this protein by itself to the 3 H half of tinC. However, it is still possible that Seven-up could bind the tinC element in combination with one or more other proteins in order to repress tinman. Seven-up may also directly repress tinman through protein-protein contacts, perhaps by interfering with transcriptional activators bound at the tinC element or by titrating away a necessary component of an activated nuclear receptor complex required for tinC enhancer activity. A direct effect of Sevenup in repressing active transcription has been observed for transcriptional activation by the Ultraspiracle/Ecdysone receptor complex (Zelhof et al., 1995) . Ultraspiracle is the Drosophila homolog of the RXR receptor and its heterodimerization with the Ecdysone receptor is necessary to form an active complex capable of binding ecdysone response elements. In that study, it was shown in cell culture that co-transfection of Seven-up interfered with transactivation by transfected Ultraspiracle/Ecdysone receptor complex of reporter constructs containing ecdysone response elements. Of the two different ecdysone response elements utilized in the reporter constructs, one was moderately bound by Seven-up (both Svp1 and 2) while the other was very weakly bound in a gel shift competition assay. This suggested that depending on the speci®c response element, the mechanism of Seven-up repression could be through either DNA-binding or protein-protein interaction, or some combination of the two, and a protein-protein interaction of Seven-up with the Ecdysone receptor was observed by a yeast two-hybrid assay.
Seven-up may also indirectly repress tinman in svp cardioblasts through the regulation of downstream genes that affect tinman expression. One likely candidate is the Tb66F2 gene, whose seven-up-dependent expression in late embryonic svp cardioblasts has been described here. This gene is a novel Drosophila member of the T-box family of transcription factors found in almost all animals, which share the highly conserved DNA-binding T-box domain and have been implicated in the regulation of developmental processes in various tissues (for reviews see Papaioannou and Silver, 1998; Smith, 1999) . Several of these are expressed in the vertebrate heart (Tbx 2, 3, 5, 12, and 20) and mutations in human TBX5 are the cause of the cardiac defects associated with Holt-Oram syndrome (Basson et al., 1997) . In Drosophila there are presently four other characterized T-box genes in addition to Tb66F2: optomotor-blind, brachyenteron (Trg), org-1, and H15. It has been recently reported that H15 is expressed in all the cardioblasts of the dorsal vessel (Grif®n et al., 2000) , and this result in conjunction with our observations on Tb66F2 suggests a role for T-box genes in Drosophila heart development. Further analysis will be necessary to determine what role Tb66F2 may have in controlling svp cardioblast determination and whether there is an interaction with the H15 protein during this process.
In vertebrates, COUP-TFI and the highly homologous COUP-TFII genes are expressed in overlapping but distinct patterns in a wide range of tissues (for reviews see Tsai and Tsai, 1997; Pereira et al., 2000) , with COUP-TFI more abundant in nervous tissue while COUP-TFII is more prevalent in mesenchymal tissues. COUP-TFII is present in the heart at high levels while COUP-TFI is detected at lower levels. The importance of both COUP-TF genes to early vertebrate development was demonstrated by mouse knockouts of the two genes. Homozygous loss of function COUP-TFI mice die perinatally with various neural defects (Qiu et al., 1997) , while the COUP-TFII mutation causes severe defects in heart formation and angiogenesis that result in embryonic lethality (Pereira et al., 1999) . Our results now demonstrate that seven-up also has a role in Drosophila heart development. Thus, the important developmental functions of seven-up, the only COUP-TF homolog in Drosophila, in regulating aspects of neurogenesis and cardiogenesis appear to be conserved in COUP-TFI and II. This serves again to highlight the great degree of conservation of the molecules and mechanisms controlling fundamental developmental processes such as heart formation in these widely divergent animal species. However, there are presently no studies regarding a possible interaction of the COUP-TF and Nkx2-5 genes during early vertebrate heart formation that would be analogous to the seven-up regulation of tinman that we have described here. In future genetic and biochemical analyses we hope to de®ne the molecular interactions by which seven-up represses tinman and the tin cardioblast cell fate and speci®es svp cardioblast identity in the dorsal vessel.
